The effect of allyl alcohol (AA) administration on the induction of glutathione S-transferase placental form (GST-P) positive foci in medium term liver bioassay was investigated for the detection of initiation activities. In experiment I, the cell kinetics of rat liver after AA administration (0.1 ml/kg, i.g.) was analyzed by the 5-bromo-2'-deoxyuridine (BrdU) labeling method. Cytochrome P450 (CYP) 2E1 protein, which is involved in the bioactivation of 1,2-dimethylhydrazine (DMH), was quantificated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and the immunohistochemical localization of CYP2E1 was also examined. In experiment II, the induction of GST-P positive foci by DMH was evaluated in a modified in vivo five-weeks initiation assay model using AA treatment to induce cell proliferation. AA induced periportal necrosis and led to regenerative proliferation. High BrdU labeling indices were observed from 24 h to 48 h (5-6%). CYP2E1 protein contents decreased transiently to approximately 40% of control after AA administration, but subsequently recovered to the control level. Immunohistochemically, CYP2E1 was localized in the centrilobular area each time, and the staining pattern was constant. The numbers and areas of GST-P positive foci were highly induced in the animals given DMH at 12 h after AA administration, compared to before the high BrdU labeling term. There was a correlation between the kinetics of cell proliferation and the induction of GST-P positive foci. Although CYP2E1 decreased after AA treatment, it is likely that the enzyme remained enough to metabolize DMH. These results suggest that AA-induced cell proliferation is an effective proliferative stimulus in medium-term initiation assay. (J Toxicol Pathol 2002; 15: 95-102) 
Introduction
Medium-term liver bioassay systems based on the twostage hypothesis of carcinogenesis have been developed in order to bridge the gap between long-term carcinogenic tests and short-term in vitro screening tests 1, 2 . Many different methods of analyses such as the Ito method have already been developed 3, 4 , and many chemicals have already been examined by this Ito method 1, 5, 6 . We have developed an in vivo five-weeks initiation assay model in order to detect the initiation activities of chemicals 7, 8 , and 26 chemicals have been evaluated so far 9 . Regardless of the target organ, mutagenic carcinogens are detected by the induction of glutathione S-transferase placental form (GST-P) positive foci in rat liver 9 . Initiation is a key event in multistage carcinogenesis, and is found as the result of a complicated process in vivo 10 . Cell proliferation is an important factor in the initiation of this process 2, [11] [12] [13] . Furthermore, most chemical carcinogens are procarcinogens that require conversion to ultimate carcinogens within the body 14, 15 , thus the bioactivation of chemicals is also important. For induction of cell proliferation, two-third partial hepatectomy (PH) has been utilized in an in vivo five-weeks initiation assay model [7] [8] [9] 12 . PH strongly induces cell proliferation in rat liver, however, surgical hepatectomy is intricate, especially when large quantities of rats are hepatectomized. Similarly, carbon tetrachloride (CCl 4 ) has also been used for the induction of cell proliferation 7, 13, 16 . CCl 4 induced hepatic necrosis in the centrilobular area where drug-metabolizing enzymes are found such as cytochrome P450 (CYP), which cause a remarkable decrease, and therefore the bioactivation of carcinogens may be affected 7, 17, 18 . Allyl alcohol (AA) is metabolized to highly reactive aldehyde acrolein by alcohol dehydrogenase, which is principally localized in the periportal area, and then acrolein exerts a toxic effect on the liver and causes periportal necrosis [19] [20] [21] [22] [23] [24] [25] . Thus, it is possible that the influence of AA-induced hepatic necrosis on the bioactivation of chemicals is less than CCl 4 -induced necrosis.
In this study, from the viewpoint of cell proliferation kinetics and cytochrome P450 (CYP), especially CYP2E1 which metabolizes 1,2-dimethylhydrazine (DMH) as an initiator 26, 27 , the effect of liver cell proliferation induced by AA administration was investigated in medium-term liver bioassay to detect initiation activity.
Materials and Methods

Animals
Male F344 rats (Charles River Japan Inc., Atsugi, Japan), housed 5 per plastic cage on wood chip bedding, were maintained under constant conditions (12 h light/dark cycle, 60% humidity at 22 ± 2°C) on an Oriental NMF diet (Oriental Yeast Co., Tokyo Japan) and tap water ad libitum. Following 1-week acclimatization, the weight of these 7-week-old rats was 140-150 g. Experimental protocols (Fig. 1) In experiment I (Fig. 1A) , for the analysis of the cell proliferation kinetics of hepatocyte after AA administration (0.1 ml/kg wt. i.g. 1:50 dilution in saline), groups of rats were given an i.p. injection of BrdU (100 mg/kg) 1 h before sacrifice, 12, 24, 36, 48, 60, 72 h, and 7 days after AA administration as in Fig. 1A . Each group consisted of 5 rats. Liver slices were fixed in 10% neutral buffered formalin for 24 h. After fixation, the tissues were processed and embedded in paraffin for hematoxylin-eosin staining and immunostaining.
In addition to fixed samples, pieces of fresh liver tissue at each time point were immediately frozen in liquid nitrogen and stored at -80°C for the quantification of CYP2E1 apoprotein by western blotting.
In experiment II (Fig. 1B) , 9-12 rats were divided into each 7 groups in order to correlate cell proliferation, the kinetics of CYP2E1 and the induction of GST-P positive foci. The 6 groups were given a single dose of DMH (10 mg/ kg wt. i.g.) administrated at 12, 24, 36, 48, 60, 72 h after AA administration, respectively. The control group received no DMH administration after AA administration. AA was prepared similarly to experiment I. DMH was dissolved in saline for the concentration of DMH to become 0.2 mg/ml, and administrated by each weight. The rats were fed a basal diet for 2 weeks, and then a diet containing 0.015% of 2-AAF for the following 2 weeks. Following 3 weeks of DMH administration, all animals received a single dose of CCl 4 (0.8 ml/kg wt. i.g.) 2 . At the end of week 5 the survivors were sacrificed and their liver slices were fixed in 10% neutral buffered formalin for immunohistochemical examination of GST-P positive foci. All animals were handled in accordance with the guideline for animal experimentation of the Faculty of Agriculture, Gifu University.
S od iu m do dec yl sul fate -p oly ac ryla m id e g el electrophoresis (SDS-PAGE) and immunoblot analysis for CYP2E1 protein
The extraction of Microsomal fraction was preformed as described by Trautwein et al briefly 28 . All the samples used for measurement of CYP2E1 protein were right lobe. The liver obtained in experiment I was transferred into 0.25 M glycerol/50 mM Tris pH 7.4 and homogenized with a glass Potter-Elvehjem type homogenizer using a Teflon pestle. The liver homogenate was then centrifuged at 13,500 g for 25 min and the supernatant was recentrifuged at 105,000 g for 60 min 28 . The resulting pellet represents the microsomal fraction, which was washed once in 0.15M KCl/ 10 mM Tris (pH 7.6). After centrifugation at 105,000 g for 60 min, the resulting pellet was suspended in 0.15 M KCl/10 mM Tris (pH 7.6)/15% glycerol and stored at -80°C. This microsomal sample was quantified by the BioRad DC protein assay (BioRad, Hercules, USA) based on Lowry's method 29 . Liver microsomes were separated on a 10% SDSpolyacrylamide gel and blotted onto Hybribond P (Amersham, Buckinghamshire, England) in 20% methanol, 400 mM Glycine, 50 mM Tris-HCl pH 8.3 at 4 for 30 V for 12 h. CYP2E1 were detected with an antibody kit purchased from Amersham using an ECL detection system as recommended by the manufacturer (Amersham). Rat CYP2E1+P450 Reductase Microsome (GENTEST corporation, USA) for positive control was added as supplied by the manufacturer (Amersham). Quantative analysis of the results was performed as described by Trautwein et al 28 .
Immunohistochemistry and analysis of sections
The avidin-biotin complex method 30 was used to demonstrate GST-P positive foci, BrdU-labeled hepatocytes and the localization of CYP2E1 using rabbit polyclonal antibody against rat GST-P (MBL, Nagoya, Japan), mouse monoclonal antibody against BrdU (DAKO Japan Co., Kyoto, Japan) and rabbit polyclonal antibody against human/ rat CYP2E1 apoprotein (Chemicon International, Inc. Temecula, CA) respectively. The numbers and areas of foci >0.1 mm in diameter and the total areas of liver sections examined were the same as those previously reported 31 . The number of BrdU-labeled hepatocytes for each time point was counted at least 5 points per each lobe at 200 × migration and the percentage of the positive cells to a total of 1000 or more hepatocytes was calculated.
Statistical significance in the quantitative data of experiment I and II was evaluated using ANOVA.
Results
Cell proliferation kinetics
In experiment I, abnormalities of general condition and death of rats were not found.
The cellular swelling and necrosis, mainly localized in the periportal areas, were seen as early as 12 h after AA administration and persisted until 36 h (Fig. 2) . Moderate infiltration of inflammatory cells was also seen in necrotic areas, and some areas showed hemorrhage. The degree of the injury induced AA varied significantly not only from rat to rat, but also from one lobe to another in a single animal. A thrombus was rarely found in the interlobular vein. The number of mitotic figures began to increase at 36 h after AA administration, mostly in the periportal area or around the necrosis, and mitotic figures were subsequently found throughout the liver lobules. At 7 days after AA administration, the less injured lesions were almost repaired, and the extensive necrotic areas were replaced by the granulation tissue with increasing numbers of small capillaries and many inflammatory cells.
The data of hepatocytes proliferation kinetics is shown in Fig. 3 . BrdU positive cells, which were in the S phase of the cell cycle, appeared in zone 1 at 24 h after AA administration (Fig. 4A ) and found in zone 1-zone2 subsequently. Statistically, hepatocyte proliferation revealed two peaks, which were 24 h and 48 h after AA administration, respectively, and the maximum level was approximately 5-6%. There were few differences in each lobe.
CYP2E1 protein contents and immunohistochemical localization
Immunoblot analysis of CYP2E1 contents in liver microsomes of rats treated by AA is shown in Fig. 5 . At 12 h, 24 h and 36 h after AA administration, CYP2E1 apoprotein level ware decreased relatively to the each band of positive control in comparison to other groups.
The result of western blot analysis is shown in Fig. 6 . The CYP2E1 apoprotein level decreased to approximately 40% of the control value at 12 h after AA administration, remained low until 36 h, then recovered to the control level at 7 days.
Immunohistochemically, CYP2E1 were seen in the cytoplasm of hepatocytes in centrilobular areas, and there was no change in the distribution pattern at each time point (Fig. 4B) .
Induction of GST-P positive foci
In experiment II, all rats were alive during the experimental period, and they did not show abnormalities of general condition. Final body weight of rats in the AAtreated groups was hardly different from those in the control group. Data for numbers and areas of GST-P positive foci per unit area of liver section are summarized in Fig. 7 . The numbers of GST-P positive foci induced after AA administration were significantly higher than those of the control group except for the group of animals that were given DMH at 48 h after AA administration, and it reached maximum in the group of animals that were given DMH at 12 h after AA administration (Fig. 7A) . The areas of GST-P positive foci induced after AA administration of the group of a n im a ls t h a t wer e g iv e n DM H a t 1 2 h a f te r AA administration, showed a higher level than those of the other group (Fig. 7B) .
Discussion
Cell proliferation and bioactivation of procarcinogens are considered to play important roles in the detection of initiation activities 2, [11] [12] [13] [14] [15] . AA induces cell proliferation by a different mechanism of liver injury from PH or CCl 4 administration [19] [20] [21] [22] [23] [24] [25] . This study investigated the effect of liver cell proliferation induced by AA to detect the initiation activity of DMH.
AA is converted into aldehyde acrolein by alcohol dehydrogenase. Acrolein is genotoxic, a highly reactive aldehyde, and it is responsible for the hepatotoxic effect of AA 20, 22 . Alcohol dehydrogenase is principally localized in the periportal area, therefore AA was expected to influence periportal necrosis and cell proliferation following necrosis [19] [20] [21] [22] [23] [24] [25] . Because AA not only damages hepatocytes but also injures blood vessels, part of the lobar heterogeneity of the AA induced damage may be attributable in initial endothelial cell damage with partial or total interruption of circulation from the terminal hepatic arterioles 23 . In this study, necrosis induced by AA was mainly found in the periportal area but the degree of injury varied. Following necrosis, increasing numbers of BrdU labeled hepatocyte were first observed in the periportal area regardless of the location of the lobular injury. This pattern of hepatocyte proliferation was similar to the regeneration seen following PH or the administration of hepatotoxican 32 . Therefore, these findings indicate that AA induces significant regenerative proliferation, although BrdU labeling index was low. A previous study using D-galactosamine, inducing approximately 3% cell proliferation 33 , suggested that the small extent of the necrosis caused weak cell proliferation. value from 12 h after AA administration. In a previous study using PH, the CYP2E1 contents of residual liver decreased to some extent at 12 h after PH, the most effective time of cell proliferation 7 . The total enzyme in residual liver after PH amounted to approximately 30% of the liver of the non-treated animal. In this case, initiation correlated well to cell proliferation fluctuations. Therefore, it is supposed that CYP2E1 protein contents were sufficient to metabolize DMH, while CYP2E1 decreased to 30% following PH. In this study, CYP2E1 remained approximately 40% at the high BrdU labeling i n d e x t i m e p o i n t a f t e r A A t r e a t m e n t , a n d immunohistochemically the localization of the CYP2E1 protein was uniform at each time point. This suggests that sufficient CYP2E1 contents remained to metabolize DMH after AA treatment contrary to CCl 4 administration induced centrilobular necrosis. Therefore, in AA administration, it is supposed that initiation depends on fluctuation of cell proliferation, in contrast to CCl 4 of which initiation depends on fluctuation of CYP2E1. It is explained because cell proliferation was so weak that GST-P positive foci could not easily be induced compared with the previous study using PH for induction of cell proliferation. In a previous study with D-gal 33 , CYP2E1 remained more abundant than in this study with AA. However, AA induces stronger cell proliferation than D-gal, and AA also induces GST-P positive foci better.
Since AA has genotoxicity 20, 22 , there is the possibility of initiation by AA instead of by DMH. However, there was a significant difference in the initiation activities of DMH after AA administration was detected compared with the control group. In addition, the induction of GST-P positive foci in this study and in the previous study with other proliferative stimuli such as PH and CCl 4 made little difference. Therefore, it is considered that the genotoxicity of AA had no effect on this assay system. These findings suggest that initiation assay using AA to induce cell proliferation is effective. In experiment II, the numbers and the areas of GST-P positive foci were highly induced 12 h after AA administration. There seems to be a relationship between cell proliferation kinetics and the induction of GST-P positive foci. On the other hand, a time lag was evident between the most effective time for the induction of GST-P positive foci and the highest BrdU labeling. The time lag is considered to be the bioactivation time for DMH.
In conclusion, an initiation assay using AA as a proliferative stimulus is capable of detecting DMH carcinogenicity. In the case of the periportal necrosis due to AA, CYP2E1 to metabolize DMH remained. It is considered that AA-induced cell proliferation is also an effective proliferative stimulus in medium-term initiation assay.
